The orphan nuclear receptor steroidogenic factor 1 (NR5A1 (SF-1)) is expressed in both Sertoli and Leydig cells in the testes. This study investigates the postnatal development of the testes of a gonad-specific Nr5a1 knockout (KO) mouse, in which Nr5a1 was specifically inactivated. The KO testes appeared histologically normal from postnatal day 0 (P0) until P7. However, disorganized germ cells, vacuoles, and giant cells appeared by P14 in the seminiferous tubules of KO but not control mice. Expression of NR5A1 and various factors was examined by immunohistochemistry (IHC). The number of NR5A1-positive Sertoli cells in the KO testes was lower compared with controls at all the developmental stages and decreased to nearly undetectable levels by P21. IHC for anti-Mü llerian hormone and p27, immature and mature Sertoli cell markers, respectively, indicated a delay in Sertoli cell maturation in the KO testes. The number of Sertoli cell-expressing factors involved in Sertoli cell differentiation including WT1, SOX9, GATA4, and androgen receptor were lower in the KO testes compared with controls. Furthermore, fewer proliferating cell nuclear antigen-positive proliferative germ cells were observed, and the number of TUNEL-labeled cells was significantly higher in the KO testes compared with controls at P14 and P21, indicating impaired spermatogenesis. IHC for CYP11A1 (SCC) indicated the presence of steroidogenic Leydig cells in the interstitium of the KO testes at all stages examined. These results suggest that NR5A1 is essential for Sertoli cell maturation and therefore spermatogenesis, during postnatal testis development.
Introduction
The orphan nuclear receptor steroidogenic factor 1 (SF-1, officially designated NR5A1) was originally found as a transcription regulator of P450 cytochrome steroidogenic enzymes. Mammalian NR5A1 is expressed throughout development in steroidogenic and nonsteroidogenic cells in limited tissues along the reproductive axis, including the gonads, adrenals, pituitary, and the ventromedial hypothalamus. In the testes, Nr5a1 is expressed in two cell types, Sertoli and Leydig . In vitro studies have suggested that NR5A1 functions in Sertoli cells within a regulatory complex that also contain transcription factors including WT1, SOX9, and GATA4 to upregulate anti-Mü llerian hormone (Amh), the key gene for mammalian male sex differentiation , De Santa Barbara et al. 1998 , Nachtigal et al. 1998 , Arango et al. 1999 , Watanabe et al. 2000 . In Leydig cells, NR5A1 controls the expression of steroid biosynthetic enzyme genes including StAR protein (Star), cytochrome P450 cholesterol side-chain cleavage enzyme (Cyp11a1 (Scc)), 3b-hydroxysteroid dehydrogenase (Hsd3b4 (3b-Hsd )), and P450c17 (Ikeda et al. 1993) . Mice homozygous for a null allele of Nr5a1 (original Nr5a1 knockout (KO)) exhibit abnormalities at multiple levels along the reproductive axis, including a lack of gonads and adrenals, reduction of pituitary gonadotropin production, and defective organization of the ventromedial hypothalamus, suggesting essential roles for NR5A1 in these tissues (Luo et al. 1994 , Ikeda et al. 1995 . The original Nr5a1 KO mice survive embryonic development but die soon after birth due to adrenal agenesis and a deficiency in adrenal corticoids. Owing to the neonatal death, it has been difficult to analyze any postnatal functions of NR5A1 using these animals. Furthermore, the gonads of the original Nr5a1 KO mice degenerate by apoptosis just before differentiation at approximately embryonic day 10.5 (E10.5; Luo et al. 1994) . Therefore, although it has been suggested that NR5A1 is required for the survival and proliferation of cells in the undifferentiated gonadal primordium, little is known about the role of NR5A1 after the initiation of testicular differentiation (Parker et al. 2002 , Schimmer & White 2010 .
To circumvent these problems, conditional KO mice, in which Nr5a1 was specifically inactivated in the gonads using Cre-loxP recombination with Amhr2-Cre, were generated. The gonad-specific Nr5a1 KO mice survive adulthood, and previous studies have demonstrated that the testes and ovaries are affected (Jeyasuria et al. 2004 , Pelusi et al. 2008 . In the previous study on the gonad-specific Nr5a1 KO testes, no Leydig cells were detected in the interstitium but Sertoli cells were detected within the testicular cord during embryonic development (Jeyasuria et al. 2004) . Nonetheless, histological examination demonstrated markedly hypoplastic seminiferous tubules with no mature sperm by adulthood. As functional maturation of the Sertoli cells, occurring during postnatal development, is thought to be important for spermatogenesis (Sharpe et al. 2003) , it is possible that abnormal development of the Sertoli cells results in the impaired spermatogenesis seen in the adult gonad-specific Nr5a1 KO testes. In conditional androgen receptor (Ar) KO mice, which were also generated using the Amhr2-Cre, not only Leydig cells but also Sertoli cells are affected in the postnatal testes (Xu et al. 2007) . Furthermore, Amhr2-Cre-mediated conditional KO of Gata4, which is expressed in both Sertoli and Leydig cells in embryonic development through adulthood, has been reported to display only Sertoli cell-specific ablation of GATA4 in postnatal testes (Kyrö nlahti et al. 2011) . These reports support the hypothesis that healthy Sertoli cells are required for spermatogenesis, and when Nr5a1 is ablated in Sertoli cells in the testes of gonad-specific Nr5a1 KO mice, their function is impaired leading to spermatogenesis defects.
To clarify the molecular defects of gonad-specific Nr5a1 KO testes, we characterized the postnatal development of the testes from P0 to P21, paying particular attention to the Sertoli cells and their fate.
Results
As described in the Materials and methods section, we used Nr5a1 flox/K , Amhr2 cre/C mice for the gonadspecific Nr5a1 KO in this study. For controls, we assessed Nr5a1 flox/C , Nr5a1 flox/K , and Nr5a1 flox/C , Amhr2 cre/C littermates at each time point. We examined the histology and immunoreactivity (ir) for NR5A1, and other markers of Sertoli and Leydig cells (as described below), and no differences were observed between these three groups (data not shown). Therefore, the data presented as controls are from mice of any one of these three genotypes. Abnormal tubular architecture in the gonad-specific Nr5a1 KO mouse testis during prepubertal development
We first examined the testicular histology at several time points from P0 to P21. At P0 and P7, there was no apparent difference in the architecture between the KO and control mouse testes (data not shown). However, abnormal morphology was observed in the KO mouse testes from P14 onward. At P14 and P21, the seminiferous tubules of the control mice consisted of layers of germ cells and Sertoli cells that were localized in the peripheral layer, with a luminal opening in the center (Fig. 1A and D) . In the KO mouse testes, however, the germ cells were irregularly arranged with fewer Sertoli cells compared with controls, vacuoles appeared, and many of the seminiferous tubules exhibited no lumen at P14 (Fig. 1B and C) . At P21, the vacuoles and the depletion of Sertoli cells were more readily observed (Fig. 1E, F, G and H) . Giant cells, which were never observed in control testes, appeared occasionally at P14 but abundantly at P21, within the tubule of the KO testis (Fig. 1C, F and H, arrowheads) . Leydig cells were detected in the interstitium of both control and KO testes at all the stages examined.
Expression of NR5A1 in the gonad-specific Nr5a1 KO testis during postnatal development
We next investigated testicular Nr5a1 expression by immunohistochemistry (IHC) at various stages during postnatal development. In control testes, Nr5a1 expression in the Sertoli cells was detected at all stages ( Fig. 2A, C, E and G). In the gonad-specific Nr5a1 KO mouse testes, NR5A1-positive Sertoli cells were detected at stages P0 (Fig. 2B) , P7 (Fig. 2D) , and P14 ( Fig. 2F ) but were barely detectable at P21 (Fig. 2H) . To compare the number of NR5A1-positive Sertoli cells between KO and control mouse testes, we performed a positive cell count and showed that the number of NR5A1-positive Sertoli cells in the KOs was significantly lower than that in the controls at all stages examined (Fig. 2I ).
Impaired Sertoli cell development in the gonad-specific Nr5a1 KO testis during postnatal development To evaluate Sertoli cell maturation, which occurs during postnatal development, we examined the expression of p27 and AMH as markers for differentiated (Beumer et al. 1999) and immature (Rey 1998 , Xu et al. 2007 ) Sertoli cells, respectively, using IHC. We found that at P14, p27-positive Sertoli cells were lined along the basal region of the tubules in control testes (Fig. 3A) , whereas the number of p27-positive Sertoli cells in each tubule was markedly reduced in the gonad-specific Nr5a1 KO mouse testes compared with that in the control testes (Fig. 3B ). AMH ir was intense in most tubules at P0 and P7 flox/K , Amhr2 cre/C (solid column, nZ3) mice at various ages, when the value of the P21 control was set to 100, is shown in the graph. Error bars represent the S.E.M., and an asterisk (*) above a given column indicates a significant difference compared with respective control value (P!0.05).
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Reproduction ( in both KO and control mouse testes (Fig. 3C , D, E and F).
In control testes at P14, AMH ir was reduced in most tubules, although there were some tubules with AMH staining that tended to be restricted to the periphery (Fig. 3G ). In the KO mouse testes, such a centerto-periphery wave of downregulation of AMH was not detected, and many of the seminiferous tubules still exhibited intense AMH ir (Fig. 3H ). These results indicate that the Sertoli cells in the KO mouse testes are retained in an immature state. At P21, AMH staining was negative or very faint in most of the tubules in controls (Fig. 3I ). In the KO mouse testes, most tubules were nearly negative for AMH at this point, but intense AMH spots were sporadically detected within some tubules (Fig. 3J ).
We further examined the expression of Sertoli cell markers including WT1, SOX9, GATA4, and AR. Positive staining for all the factors was detected in Sertoli cells, and there was no clear difference between the gonadspecific Nr5a1 KO and control mouse testes at P0 or P7 (data not shown). We observed a reduction in markerpositive cells in the KO mouse testes compared with controls at P14 and P21, although the magnitude of the change was distinct for each of the factors (Fig. 4A , B, C, D, E, F, G and H). We assayed the number of Sertoli cells expressing each factor by counting positive cells. The results showed that the number of marker-positive cells was significantly lower in KO mouse testes compared with controls at all stages and for all markers except for AR at P0, which is not expressed in Sertoli cells (Fig. 4I , J, K and L).
Presence of Leydig cells in the gonad-specific Nr5a1 KO testis during postnatal development
To identify any steroidogenic interstitial cells, we performed IHC for CYP11A1. CYP11A1 ir was detected in interstitial cells in both the gonad-specific Nr5a1 KO and the control mouse testes at all stages examined (Fig. 5) . These results indicate the presence of steroidogenic Leydig cells in the KO testes throughout postnatal development.
Cellular proliferation and apoptosis
To study cell proliferation in the different cell types of control and gonad-specific Nr5a1 KO testes during postnatal development, double-label IHC for proliferating cell nuclear antigen (PCNA) and NR5A1 was performed. The expression pattern was similar between control and KO testes at P0 and P7 (data not shown). At P14 and P21, however, most germ cells were positive for PCNA in control testes (Fig. 6A , B, C, G and H), whereas there were a large number of PCNA-negative germ cells in the KO testes (Fig. 6D , E, F, J, K and L). In the interstitium, PCNA-positive Leydig cells were occasionally detected in both control and KO testes at P14 (Fig. 6A , B, C, D, E and F). At P21, they were rarely detected in controls but still present in KO testes (Fig. 6G, H, I , J, K and L).
Apoptotic cell death was examined by TUNEL assay. TUNEL-labeled cells were detected within many tubular sections of both control and the KO testes, but their numbers were significantly higher in the KO testes compared with controls at both P14 and P21 (Fig. 7A , B, C, D and E). To determine whether the apoptotic cells are Sertoli cells, IHC for SOX9, a Sertoli cell marker, and the TUNEL assay were performed on adjacent serial sections of the KO testes. SOX9-positive Sertoli cells displayed irregular-shaped nuclei and were localized at the basal layer of the seminiferous tubule, whereas most TUNEL-labeled nuclei were round and detected through the whole depth of the tubular epithelium, indicating that most TUNEL-labeled cells are SOX9 negative (Fig. 7F , G, H and I).
Discussion
As Amhr2-Cre is expressed in both Leydig and Sertoli cells in the adult mouse testes (Jeyasuria et al. 2004 , Boyer et al. 2008 , both cell types can be targeted in Amhr2-Cre-mediated KO testes. Interestingly, this study demonstrates that in the gonad-specific Nr5a1 KO testes, the number of Sertoli cells appears to be lower than controls, while the Leydig cells remained at all the developmental stages. These results were unexpected because Sertoli cells but not Leydig cells were detected in KO testes at E14 and E16 in a previous study (Jeyasuria et al. 2004) . Several studies on conditional KO mice generated with Amhr2-Cre have reported complexities in the phenotype. For example, both Leydig and Sertoli cells were affected in Ar KO testes generated using Amhr2-Cre (Xu et al. 2007) , and Amhr2-Cre-mediated Gata4 KO mice displayed Sertoli cell-specific ablation of the gene in postnatal testes (Kyrö nlahti et al. 2011) . As suggested in those reports, one possible explanation is inefficient Cre-mediated recombination in Leydig cells. Alternatively, developmentally different phenotypes may be attributed to the complex Amhr2 expression profile during testicular development. In situ hybridization results for 21-day-old rat testes have demonstrated that Amhr2 mRNA expression is found in seminiferous tubules but not in the interstitium (Baarends et al. 1995) . More recently, expression analysis of a floxed YFP reporter driven by Amhr2-Cre demonstrated that all Sertoli cells were YFP positive in the adult testes, but few YFP-positive Sertoli cells were found in embryonic and neonatal testes (Tanwar et al. 2010) . These reports indicate spatial and temporal changes in the expression of Amhr2 during testicular development.
This study showed that Nr5a1 expression in Sertoli cells progressively decreased during postnatal development and it had almost completely disappeared by P21 in the gonad-specific Nr5a1 KO mice. Despite the finding that relative numbers of NR5A1-positive Sertoli cells in the KO testis were significantly lower compared with the control testis as early as P0, the overall architecture of the seminiferous tubules did not appear to be histologically different from control testes of littermates from P0 until P7. During the period from P0 to P14, the number of NR5A1-positive Sertoli cells in cre/C (solid column, nZ3) mice at various ages, when the value of the P21 control was set to 100, was shown in the graph. Error bars represent the S.E.M., and an asterisk (*) above a given column indicates a significant difference compared with respective control value (P!0.05). ND, not done.
(A, B, C, D, E, F, G and H) Representative images of immunoexpression for the Sertoli cell markers WT1 (A and B), SOX9 (C and D), GATA4 (E and F), and AR (G and H) in testes from controls (left panels) and
Gonad-specific Nr5a1 KO testicular development the KO testis remained similar, while it progressively increased in the control testis. Despite a partial depletion of Sertoli cells as early as P0, the overall architecture of the seminiferous tubules in the gonad-specific Nr5a1 KO testes appeared grossly normal until P7. This may indicate that the few Sertoli cells remaining in the KO testis can sufficiently maintain seminiferous tubule structure up to P7. Abnormal seminiferous tubular architecture accompanied with irregularly arranged germ cells, vacuoles, and giant cells in the gonadspecific Nr5a1 KO testes became apparent by P14. Intratubular vacuoles have been reported in other KO mice, in which spermatogenesis was impaired and is associated with Sertoli cell damage (Hellsten et al. 2002 , Kyrönlahti et al. 2011 . In fact, we observed that many of the vacuoles detected in the KO mice were accompanied by a nucleus positive for the Sertoli cell marker SOX9 (Fig. 7I) . The giant cells detected in this study morphologically resemble those named meiotic micronucleate giant spermatocytes (MMGs), which contain disaggregated bivalent or replicated univalent chromosomes due to incomplete meiotic division of metaphase spermatocytes (Faisal et al. 2008) . MMGs can be induced by aneuploidogenic agents including aflatoxins, which are known to cause disruption of testicular histoarchitecture and spermatogenesis. Thus, all the morphological abnormalities seem to be associated with impaired Sertoli cell development.
Sertoli cells are known to play a central role in regulating early postnatal development of the testis (Nel-Themaat et al. 2011) . We detected no apparent differences in Amh expression between KO and control testes at P0 and P7. As Amh is a direct target gene of NR5A1 regulation, these results indicate that NR5A1-positive Sertoli cells in the KO testis can produce AMH at levels comparable with those in normal testes at these time points. At P14, a higher number of intensely AMHpositive tubules concomitant with a lower number of p27-positive Sertoli cells were seen in the KO testes suggesting a delay of Sertoli cell differentiation. However, at P21, Amh expression was negative in most tubules except for a few tubules with sporadic AMH-producing cells in KO testes. This diminished Amh expression is likely due to the deletion of NR5A1 in the Sertoli cells.
Despite nearly complete loss of NR5A1 expression at P21, expression of SOX9, WT1, and GATA4 was preserved in Sertoli cells to some extent, suggesting that these proteins may interact indirectly with NR5A1 in Sertoli cells in postnatal testes. Nevertheless, the organization of the seminiferous tubules was severely disrupted in KO mice. Therefore, tubular disorganization is likely to be primarily due to the loss of NR5A1, suggesting an essential role of NR5A1 in Sertoli cells in the development of seminiferous tubules.
Both active proliferation and apoptosis occur during the first wave of spermatogenesis at 2-3 weeks after birth (Rodriguez et al. 1997) . We demonstrated a marked reduction of PCNA-positive germ cells in the KO testes at P14 and P21. Further, our TUNEL assay showed a significant increase in apoptosis levels in KO testes. Based on the morphology and localization of SOX9-positive and TUNEL-labeled cells, most of the apoptotic cells detected in KO testes are presumptively germ cells (SOX9 negative), although it is still possible that some of the TUNEL-labeled nuclei that were located near the base of the seminiferous tubules are degenerating Sertoli cells. Taken together, these results indicate that both cellular proliferation and apoptosis are affected in seminiferous tubules of the gonad-specific Nr5a1 KO testes.
It is well known that the androgens, primarily testosterone, are required for normal testicular development and spermatogenesis (Holdcraft & Braun 2004) . We did not measure either plasma or intratesticular testosterone levels in this study. However, we demonstrated that CYP11A1-positive cells were present in the interstitium of the gonad-specific Nr5a1 KO testes at all the developmental stages. Also, androgen-dependent internal and external genital organs were formed in the Nr5a1 KO male mice, although they appeared slightly smaller than normal (data not shown). As Leydig cells are a primary source for testosterone in postnatal testes, these findings strongly suggest a presence of Leydig cells that produce testosterone in KO testes throughout postnatal development. However, we found an increase in PCNA-positive Leydig cells in the KO testes at P21, suggesting that Leydig cell proliferation is dysregulated. Therefore, it might be possible that spermatogenesis is influenced indirectly by abnormal Leydig cells, as Leydig cells produce not only testosterone but also other hormones including growth factors, cytokines, and vasoactive peptides, which contribute to the intercellular communication between Leydig and Sertoli cells.
In summary, we have described the postnatal development of the gonad-specific Nr5a1 KO mouse testes from birth into the prepubertal stages and have shown several abnormal features of testicular development, leading to infertility in adulthood. Although further studies are required to elucidate the precise postnatal physiological functions of NR5A1, our findings provide in vivo evidence that NR5A1 is essential for Sertoli cell function and spermatogenesis in the testis.
Materials and Methods

Experimental mice
Procedures involving mice were approved by the Institutional Animal Care and Use Committee at Yokohama City University School of Medicine. Amhr2 cre/C mice (also termed B6; 129S7-Amhr2 tm3(cre)Bhr /Mmnc) were obtained from the MMRRC (Chapel Hill, NC, USA) and genotyped as described elsewhere (Jeyasuria et al. 2004) . We inactivated Nr5a1 using the Amhr2-Cre mouse strain (Jamin et al. 2002) . To generate conditional KO mice, Nr5a1 C/K , Amhr2 cre/C mice were mated to Nr5a1 flox/flox mice and all four genotypes were recovered at the expected Mendelian frequency. We conducted a timecourse analysis of postnatal testis development in Nr5a1
cre/C conditional KO pups. All mice had free access to water and standard rodent chow and were exposed to 14 h light:10 h darkness photoperiods. Mice were genotyped by PCR assays using primer sets (Jeyasuria et al. 2004) and were killed at P0, P7, P14, and P21 by cervical dislocation. The day of birth was considered P0.
Histological and immunohistochemical analyses
Testes harvested from pups were fixed overnight in 4% (w/v) paraformaldehyde in PBS and embedded in paraffin. Paraffin sections (6 mm thickness) were deparaffinized, rehydrated, and stained with hematoxylin and eosin for histological analysis. Counting NR5A1-, WT1-, SOX9-, GATA4-, and AR-positive Sertoli cells
After testicular sections were immunostained for NR5A1, WT1, SOX9, GATA4, and AR as described above, the number of immunoreactive Sertoli cells per seminiferous tubule was determined by counting 10-15 tubules of each genotype at each developmental stage. Only round tubules were counted. Three testicular sections from three animals for each time point and genotype were analyzed.
Double-label immunofluorescence
Colocalization of NR5A1 and PCNA was examined by doublelabel immunofluorescence. Sections were coincubated overnight at 4 8C with rabbit anti-NR5A1 and mouse anti-PCNA 2 ) and were shown as the total count of six fields from the testis sections of three mice per each group. Open and solid columns represent the TUNEL-labeled cell number in the control and Nr5a1 flox/K , Amhr2 cre/C testes, respectively, at P14 and P21 (nZ3 for each column). Error bars represent the S.E.M. and an asterisk (*) above a given column indicates a significant difference compared with respective control value (P!0.05). (F, G, H and I) Representative images of immunoexpression for SOX9 (F and H) and TUNEL staining (G and I) in adjacent serial sections of KO testes at P14 (F and G) and P21 (H and I). Scale barsZ50 mm in A, B, C and D, 25 mm in F, G, H and I.
(1:50; Zymed, San Francisco, CA, USA). After incubation with the primary antibodies, the sections were rinsed in PBS and incubated in secondary antibodies conjugated with Alexa Fluor 488 or 546 (1:500; Molecular Probes/Invitrogen) for 2 h at room temperature. Sections were rinsed in PBS, incubated with DAPI to stain the nucleus, and mounted using Fluoromount. Digital images were taken using a BZ-9000 microscope and were superimposed and processed with Adobe Photoshop CS.
TUNEL assay
After deparaffinization, the tissue sections were processed for TUNEL staining using an in situ apoptosis detection kit (TaKaRa Bio, Shiga, Japan). FITC-conjugated dCTPs were incorporated into nick DNA for 90 min at 37 8C in the presence of terminal deoxynucleotidyl transferase. The sections were rinsed in PBS and incubated with HRP-conjugated anti-FITC antibody for 30 min at 37 8C. The peroxidase reaction was visualized using Vector NovaRED (Vector). The sections were lightly counterstained with hematoxylin. Slides were dehydrated and mounted with Mount-Quick (Daido Sangyo). Six fields, each of which was defined by a square field (1 mm 2 ) in the image of the Keyence BIOREVO microscope (BZ-9000), were randomly selected from the testis sections of three mice per each group. The total count of TUNEL-positive cells from the six fields was shown in the graph (Fig. 7E) . SOX9 IHC and TUNEL-staining were performed on the adjacent serial sections of P14 and P21 KO mouse testes.
Statistical analysis
Statistical analysis was performed using Microsoft Excel 97 SR-2 (Microsoft Corporation). At each developmental stage, the significance of differences in labeled cell number between the control and the KO groups was evaluated using one-way ANOVA (P!0.05).
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